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Abstract
The Drosophila antenna has a diversity of chemosensory organs within a single epidermal field. We have some idea from recent studies
of how the three broad categories of sense-organs are specified at the level of progenitor choice. However, little is known about how cell
fates within single sense-organs are specified. Selection of individual primary olfactory progenitors is followed by organization of groups
of secondary progenitors, which divide in a specific order to form a differentiated sensillum. The combinatorial expression of Prospero Elav,
and Seven-up allows us to distinguish three secondary progenitor fates. The lineages of these cells have been established by clonal analysis
and marker distribution following mitosis. High Notch signaling and the exclusion of these markers identifies PIIa; this cell gives rise to
the shaft and socket. The sheath/neuron lineage progenitor PIIb, expresses all three markers; upon division, Prospero asymmetrically
segregates to the sheath cell. In the coeloconica, PIIb undergoes an additional division to produce glia. PIIc is present in multiinnervated
sense-organs and divides to form neurons. An understanding of the lineage and development of olfactory sense-organs provides a handle
for the analysis of how olfactory neurons acquire distinct terminal fates.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Insights into how odor information is encoded must take
into account the spatial organization of functional elements
both at the peripheral and central level (Buck, 1996;
Stocker, 1994). The Drosophila antenna is unique in that it
consists of diverse morphological and functional types of
sense-organs within a single epidermal field. The three types
of sense-organs, sensilla basiconica, trichoidea, and coelo-
conica, are each composed of several different cell types
(Fig. 1; Stocker, 1994; Venkatesh and Singh, 1985). The
sensillum structure is made up of three accessory cells, the
trichogen or shaft cell, tormogen or socket, and the thecogen
or sheath cell, and is innervated by multiple neurons (Fig.
1E). The number of neurons per sense-organ varies between
one and four, depending on its position within the antennal
field rather than on the sensillum subtype (Shanbhag et al.,
1999).
Evidence from electrophysiological studies and odorant
receptor maps suggests that sensory units of similar function
are clustered together (Boeckh, 1981; de Bruyne et al.,
2001; Grant et al., 1998; Vosshall et al., 1999). Such an
organization could have important implications in the mod-
ulation of neuronal activity and in the generation of olfac-
tory behavior. This patterning implies cross-talk between
mechanisms that determine choice of sense-organ subtype
with those that regulate odorant receptor gene expression
within individual sensory neurons (Clyne et al., 1999; Gao
and Chess, 1999; Vosshall et al., 1999).
The location of a sense-organ on the epidermal surface is
prefigured by a single primary progenitor (also called
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founder cell; Ray and Rodrigues, 1995) within the antennal
disc during early pupal life. This progenitor does not divide,
but becomes associated with one to three additional cells to
form a cluster of secondary progenitors (presensillum clus-
ter; Reddy et al., 1997). The formation of this cluster could
involve recruitment by the primary progenitor of neighbor-
ing cells or these cells could arise independently in response
to proneural cues. The invariant patterning of sense-organs
on the antennal surface is therefore achieved by selecting
clusters in correct positions on the disc epithelium. Different
sense-organ subtypes are specified at the level of the pro-
genitors themselves. The basic helix–loop–helix (bHLH)
transcription factor Ato (Ato) is necessary and sufficient to
specify sensilla coeloconica (Gupta and Rodrigues, 1997;
Jhaveri et al., 2000b), while basiconica and trichoidea are
selected by the related bHLH protein Amos (Goulding et al.,
2000). The spatial expression of different proneural genes
across the antennal disc would require an interaction with
genetic cascades determining epidermal patterning (Jhaveri
et al., 2000b)
In this report, we describe the lineage and mechanisms
that underlie determination of fate within the cells of a
single sense-organ. We have used the combinatorial expres-
sion of the homoedomain transcription factor Prospero
(Pros), the steroid receptor family member Seven-up (Svp),
the RNA binding protein Elav, and the Neuralised (Neu)
reporter to distinguish three different types of secondary
progenitors (PIIa, PIIb, and PIIc). Clonal analysis has
shown that these cells contribute to three lineages that give
rise to a single sensory unit. The identity of different pro-
Fig. 1. Olfactory sense-organs on the adult antenna. (A) Third segment of the antenna. (Scale bar, 60 m.) Regions occupied by basiconic sensillae (BS) and
trichoid sensillae (TS) are indicated. The mixed region (M) includes sensilla coeloconica (CS) in addition to BS and TS. Ar, arista. (B–D) Regions of the
antennal surface are enlarged to show BS (B) (scale bar, 6 m), TS (C) (scale bar, 6 m), and CS (D) (scale bar, 4 m). (E) Diagrammatic representation
of a single olfactory unit. S, shaft; Sh, sheath; So, socket; N, neurons.
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Fig. 2. Combinatorial expression of Neu-GFP, Pros, Elav, and Svp among the secondary progenitors. (A–C) Antennal discs showing progenitor cells. (Scale
bar for A and B, 45 m.) (A) Eight-hour APF disc from neuA101 line stained with anti--galactosidase. Only a few clusters are apparent (arrowhead). Ar,
Arista. (B, C) Discs from neu-Gal4/UAS-nls-GFP pupae stained with anti-PH-3 (red). PH-3 immunoreactivity is never detected in primary progenitors. By
12 h APF (B), a few peripherally located clusters have begun to undergo mitosis (arrowheads). At 16 h APF (C), several clusters undergo mitosis (arrows).
Inset shows a single secondary progenitor cluster with dividing cells. (D–F) Clusters composed of three secondary progenitors were selected on the basis of
expression of Neu-GFP (green). (Scale bar, 15 m.) (D, E). The same cells stained with anti-Pros (red in D) and anti-Elav (blue in E). (F) The expression
of Svp was monitored by staining 14-h APF pupal antenna from neu-Gal4 UAS-nls-GFP/svpP1725 genotype with anti--galactosidase. (G–I) A single
secondary-progenitor cluster at 14 h APF from svpP1725 stained with anti-Pros (red in G) and anti--galactosidase (green in H). (I) Merge of (G) and (H)
demonstrating that Svp-lacZ coexpresses with Pros. (J) Combinatorial expression of markers among the secondary progenitors. The olfactory progenitor
(OPC) and secondary progenitors are visualized by expression of Neu-GFP. The cell expressing none of the markers is designated PIIa; PIIb expresses Pros,
Elav, and Svp, while PIIc expresses only Pros and Elav.
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genitors is specified by differential Notch (N) signaling. A
detailed understanding of lineage and development of the
olfactory sense-organs could provide important insights




The following stocks were used in these studies: neuA101
(Huang et al., 1991), neuA101-Gal4 (Jhaveri et al., 2000b),
scabrous-Gal4P309 (Scott Selleck), Act5C  CD2  Gal4,
and UAS-nuclear Green Fluorescent Protein (UAS-
nls-GFP) (Pignoni and Zipursky, 1997); y P(hs-FLP-1),
pr pwn P(ry,hs-flp)38/Cyo;Ki kar2ry506/Ki kar2ry506 and
P(ry,hs-neo,FRT)82B/TM3SbRyRK (Pascal Heitzler), UAS-
svp-1 and hs-svp-1 (Y. Hiromi) pros17, yw;UAS-pros, hs-
pros and UAS-numb (Manning and Doe, 1999), Nts-1
(Reddy and Rodrigues, 1999), UAS-Nintra, and UAS-Dom-
inant negative N (UAS-DN-N) (Marc Haenlin). Details of
marker and balancer strains are listed in Lindsley and Zimm
(1992).
For staging, white prepupae (0 h after puparium forma-
tion; APF) were collected and allowed to develop further on
a moist filter paper at 25°C. The pupal period of the Can-
ton-S (CS) wildtype strain lasts 100 h under the conditions
of our laboratory. When pupae were reared at other tem-
peratures, ages were normalized with respect to growth of
CS strain at 25°C.
Cuticle preparation
Adult antennae were placed in Faure’s mountant (34%
v/v chloral hydrate, 13% glycerol, 20 mg/ml gum Arabic,
and 0.3% cocaine chlorohydrate) and allowed to clear at
70°C. Sensilla were counted after projecting Nomarski im-
ages onto a video monitor. A minimum of 10 samples was
analyzed in each case.
Immunohistochemistry
Developing eye-antennal discs were dissected, fixed in
4% formaldehyde in PEM buffer (0.1 M Pipes, pH 6.9, 1
mM EGTA, 2 mM MgSO4) for 40 min, and washed with
phosphate-buffered saline (PBS) containing 0.1% Triton
X-100 (PTX). Preparations were blocked in PTX containing
1% bovine serum albumen for 1 h at room temperature and
incubated in primary antibody diluted in PTX overnight at
4°C. Mouse anti-Pros (1:4) and rat anti-Elav (1:4) were
kindly provided by C.Q. Doe; rabbit anti-phosphohistone-3
(1:1000) from Helen Skaer and rabbit anti-Repo (1:250)
from G. Technau; mAb22C10 (1:100) was obtained from
the Developmental Studies Hybridoma Bank (Iowa). Anti-
bodies to bacterial -galactosidase raised in rabbit (Cappel,
USA) were used at 1:2000. Secondary antibodies were ei-
ther anti-mouse or anti-rabbit IgG coupled to Alexa 488,
Alexa 568 (1:300; Molecular Probes), or Cy5 (1:300; Am-
ersham).
To observe the subcellular expression of Pros, discs were
first incubated in 5 g/ml colcemid in Schneider’s insect
medium for 60 min to block mitosis and fixed as described
above. DNA was visualized by staining with 0.1% phe-
nylene diamine in 90% glycerol. Stained discs were ob-
served by using a BioRad Radiance 2000 confocal micro-
scope. Images were processed by using Confocal Assistant
software and Adobe Photoshop 5.0.
Generation of clones for lineage analysis
Flies of genotype Act5C  CD2  Gal4, UAS-nls-GFP
were crossed to y, hs-FLP1, and reared at 16°C. Pupae were
staged up to 10 h APF on a moist filter paper at 16°C and
pulsed at 37°C for 8 min. They were returned to 16°C and
allowed to develop further. Antenna were stained with anti-
Elav and anti-Pros, and clonal cells were marked by GFP.
Generation of pros mutant clones
Flies of genotype pr pwn P(ry,hs-FLP)38/CyO; Ki
kar2ry506 were crossed to pros17 P(ry hs-neo FRT)82B/
TM3 Sb ryRK. The non-CyO, non-Sb progeny were mated to
pr pwn/pr pwn; P(ry hs-neo FRT)82B Dp(2;3)P32/P(ry
hs-neo FRT)82B, Dp(2;3)P32 flies. Progeny were collected
at 24–72 h after egg laying and pulsed for 1 h at 38°C to
induce mitotic recombination. Clones were visualized by
the appearance of the pwn marker, which is rescued by Dp
(2;3)P32 in the heterozygous animals. The phenotype of the
pwn mutation was examined in homozygous escapers.
Results
Development of a single sensory unit has been traced by
using enhancer-trap insertions into the neu gene—neuA101
and neu-Gal4 (Jhaveri et al., 2000a; Ray and Rodrigues,
1995; Reddy et al., 1997). Olfactory progenitor cells del-
aminate from the epithelium as single isolated cells with
apically located nuclei and are arranged in distinct domains
in the early antennal disc (Ray and Rodrigues, 1995). By 8 h
APF, these progenitors begin association with one to three
additional cells forming well-defined clusters (arrowhead in
Fig. 2A ). We know that these cell clusters do not arise by
division of the olfactory progenitor since the first evidence
of cell division as seen by phosophohistone-3 (PH3) immu-
noreactivity is after 12 h APF (red in Fig. 2B). We refer to
the cells within the cluster as secondary progenitors, since
their division gives rise to all the cells of an individual
sense-organ (Fig. 2C, inset). Most of the clusters divide
between 16 and 22 h APF (Fig. 2C).
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Differential expression of Prospero, Elav, and Seven-up
in sense-organ lineages
Our analysis was restricted to clusters of secondary pro-
genitors composed of three cells, although two and four cell
clusters could also be identified by expression of GFP
driven by neu-Gal4 (henceforth referred to as Neu-GFP;
Fig. 2D–F). At 14 h APF, clusters were oriented in a single
plane and had not yet begun cell division. Expression of
Pros and Elav was examined by using specific antibodies,
while Svp was monitored by following -galactosidase ac-
tivity in the enhancer-trap line svpP1725.
None of these markers express in primary olfactory pro-
genitor cells but appear shortly after formation of groups of
secondary progenitors. Double-labeling of 14-h APF discs
with anti-Pros and anti-Elav revealed that two of the three
cells within a cluster expressed both of these markers (Fig.
2D and E). Pros expression appeared prior to that of Elav
within the same cell (not shown). One of these cells also
expresses the Svp reporter (henceforth called Svp-lacZ; Fig.
2F–I). The combinatorial expression of genes allowed iden-
tification of three progenitor types. PIIa does not express
any of the markers and is recognized only by expression of
Neu-GFP; PIIb expresses Neu-GFP, Pros, Elav, and Svp-
lacZ, while PIIc expresses Neu-GFP, Pros, and Elav (Fig.
2J). Clusters composed of only two cells lack the PIIc
progenitor and those with four cells contain two PIIc pro-
genitors. Hence, differential expression of genes could pro-
vide cells within a single cluster the potential to exhibit
independent fates.
Pros is asymmetrically segregated in the secondary
progenitors during mitosis
We examined the distribution of Pros, Elav, and Svp-
lacZ during division of the secondary progenitors. Staining
with phenylene-diamine allowed identification of interphase
nuclei, while entry and exit from mitosis was monitored by
changes in Neu-GFP distribution. During mitosis, only one
cell per cluster exhibited asymmetric cortical Pros crescents
(Fig. 3A, arrow). The neighboring cell showed either com-
pact nuclear staining (arrowhead in Fig. 3A, inset) or a
uniform cytosolic localization (not shown). Our failure to
observe two cortical Pros crescents per cluster even in
colcemid-arrested discs led us to infer that PIIb and PIIc
divide at different times or that Pros is asymmetrically
segregated in only one of these cells.
By 36 h APF, postmitotic cells of the sensory units
occupy positions comparable to that in the adult; the shaft
and socket cells are identifiable by their external cuticular
projections. Pros is present in sheath and socket cells, while
Elav is exclusively neuronal (Fig. 3B). Clonal experiments
(described in subsequent sections) showed that the sheath
cell arises from PIIb lineage possibly inheriting Pros asym-
metrically from the progenitor. The socket, on the other
hand, is derived from PIIa, which does not express Pros,
indicating de novo synthesis.
PIIb in the coeloconic sensilla undergoes an additional
division to produce a glial cell
Jhaveri et al. (2000a) showed that the majority of periph-
eral antennal glia arise during development of the coelo-
conic sensilla. PIIb has been identified as the glial progen-
itor in a number of gliogenic sense-organs (Guo et al., 1999;
Reddy and Rodrigues, 1999b; Van De Bor et al., 2000). In
the olfactory sense-organs, PIIb can be unequivocally rec-
ognized by expression of Pros, Elav, and Svp-lacZ.
We selected clusters in the region of the antenna popu-
lated by coleoconic sense-organs for detailed analysis. PIIb
divides to produce a large cell that remains within the
epithelial layer and a smaller basal cell. The basal cell
transiently expresses Pros (not shown) and low levels of the
Svp reporter (red in Fig. 3C) and also stains with antibodies
against the glial cell marker Reverse Polarity (Repo; Fig.
3D). The nascent glial cell loses Pros and Svp expression
and rapidly migrates away to become associated with the
fasiculating sensory neurons (Jhaveri et al., 2000a).
Distribution of Pros, Svp, and Elav after division of
secondary progenitors provides identity to the
postmitotic neurons of the sensory unit
The gliogenic lineage described above occurs only
within the coeloconica sensilla (i.e., 70 out of 450 sen-
silla). PIIIb, like PIIb in all other clusters, expresses Pros,
Svp, and Elav. Mitosis of all secondary progenitors is com-
pleted by 22 h APF, and we examined marker distribution in
progeny at 25 h APF (Fig. 3E and F). At this time, sensory
cells orient along the apicobasal axis resembling positions
in the mature sensillum (Fig. 1E).
Pros expression is detected in two subepidermally lo-
cated accessory cells identified as sheath and socket (green
in Fig. 3E and inset). Upon division of PIIb, Svp-lacZ is
distributed equally to both progeny (Fig. 3F). One of these
is the sheath, which also expresses Pros (arrowheads in Fig.
3E and F), while the other (* in Fig. 3F) stains with the
neuron-specific antibody mAb22C10 (Fig. 3G and H). The
expression of -galactosidase fades from the sheath cell and
is not apparent by 36 h APF (inset in Fig. 3E). The perdu-
rance of the reporter thus allowed us to identify sheath and
neuron as siblings derived from PIIb (Fig. 3I).
In the pros-Gal4;UAS-GFP strain, we observed GFP
expression in PIIb and PIIc but not PIIa. After division, all
neurons were labeled, despite the fact that they do not
express Pros protein (not shown), suggesting that all neu-
rons within a sensory unit are derived from progenitors that
express Pros.
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Fig. 3. Segregation of Pros, Elav, Svp and Repo in the PIIb lineage. (A) Segregation of Pros during mitosis. In colcemid-arrested cells, Pros was detected
as a cortical crescent (arrow). DNA was stained with phenylene diamine (red). Bottom panel shows a cluster at 18 h APF with two Pros cells. The confocal
section is at a basal level and shows cortical localization (arrow) in one cell, while its neighbor (arrowhead) shows nuclear Pros. (Scale bar, 5 m.) (B)
Thirty-six-hour APF antenna. Pros (green) and Elav (red) are expressed in different cells. (Scale bar, 40 m.) (C, D) Progeny of a secondary progenitor in
a 17-h APF antenna from svpP1725 stained with anti--galactosidase (red in C). The cell with lower -galactosidase levels also expresses Repo (arrowhead
in C, D). (Scale bar, 5 m.) (E, F) Twenty-five-hour APF post-division sensory unit from svpP1725 stained with anti-Pros (green in E) and anti--galactosidase
(red in F). (Scale bar, 25 m.) Two cells per sensory unit express Pros, only one of which expresses Svp-lacZ (arrowheads in E and F). *, indicates a basally
located cell expressing strong Svp-lacZ. Inset in (E) shows a sensory unit from a 36-h antenna showing Pros (green) and Svp (red) expression in different
cells. Two cells in a mature cluster express Pros, while only one expresses Svp. (G, H) Thirty-six-hour APF sensory units from svpP1725 showing neurons
stained with mAb22C10 (G) and an overlap of mAb22C10 (green) and anti--galactosidase (red) staining. (I) The PIIb gliogenic lineage. PIIb expresses
Neu-GFP, Pros, Elav, and Svp. This cell divides to form a glia and a tertiary progenitor PIIIb. Differentiated glial cells express Repo and Svp. Immediately
after division of PIIIb, its siblings are marked with either Neu-GFP, Svp-lacZ, and Elav or Neu-GFP, Svp-lacZ, and Pros, respectively. Svp-lacZ expression
in the Pros cell is due to perdurance of -galactosidase.
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Fig. 4. Clonal analysis of secondary progenitors. (A) The hs-FLP-1; Act5C  CD2  Gal4 UAS-nls-GFP strain was used to generate clones. Flipase activity
induced by heat-shock generates recombination between two FRT sites thus “flipping-out” the CD2 cassette and bringing the Gal4 gene under control of
Act5C (Act) promoter. Heat-shock conditions were standardized to produce flip-out in a single cell (green) resulting in GFP expression in its progeny. (B–K)
Two-cell clones in a 36-h APF antenna stained with anti-Pros (blue in C and G) and anti-Elav (red in F and J). The overlap of GFP expression with anti-Pros
and anti-Elav staining is shown in (D), (H), and (K). (Scale bar, 10 m.) Three types of clones are depicted; Type a (B–D): one cell expresses Pros and the
other does not express either marker. Type b (E–H): one cell expresses Pros and the other expresses Elav. Type c: both cells express Elav but not Pros. (L)
Schematic representation of lineages comprising a single sensory unit. Cells are recognized by expression of Neu-GFP (green). The olfactory progenitor cell
(OPC) does not divide. Shortly after its formation, clusters of secondary progenitors appear. PIIa gives rise to the shaft (S) and socket (So) cell. The socket
cell expresses Pros. PIIb in the coeloconic lineages gives rise to a glial cell recognized after differentiation by expression of Repo and Svp-lacZ, and a tertiary
progenitor PIIIb. PIIIb (like the PIIb in the nongliogenic lineages) gives rise to sheath cell (Sh) and a neuron (N). PIIc gives rise to two neurons. The neurons
arising from PIIb and PIIc lineage are distinguished by Svp expression in the former.
Sibling relationships suggested by Pros, Elav, and Svp
distribution are confirmed by lineage analysis
The expression analysis discussed above allowed a ten-
tative assignment of relationships between the secondary
progenitors and the mature sense-organ. The lineage of
secondary progenitors was determined by marking individ-
ual cells and examining the distribution of label after sense-
organ differentiation. The strategy involves induction of
GFP by appropriately timed expression of flipase (Flp)
enzyme using the hs-FLP-1; Act5C  CD2  Gal4; UAS-
nls GFP strain (Fig. 4A; Pignoni and Zipursky, 1997). After
careful standardization, we found that an 8-min heat-pulse
given at 10 h APF, that is, prior to division of most of the
secondary progenitors, gave optimal results. We screened
36-h APF antennae for isolated two-cell clones that are
likely to have originated from a single progenitor. It is
possible that a proportion of such clones could arise from
unrelated neighboring cells where “flip-out” occurred after
division because of leaky expression of Flp from the heat-
shock promoter. We minimized such errors by selecting for
low clonal frequencies and analyzing two-cell clones that
were well separated from each other.
Pupal antennae were stained with anti-Pros (blue, Fig. 4)
to mark accessory cells and anti-Elav (red, Fig. 4) for
neurons. We obtained 87 clones from 500 antennae and
classified clones into three main types. (i) Type-a clones (N
 10): one cell expressed Pros and the other did not stain
with either Pros or Elav (Fig. 4B–D). This suggests an
accessory cell with a nonneuronal sibling. As described
above, both sheath and socket express Pros; from the some-
what more superficial location of the cell within the clone,
we infer it to be the socket. (ii) Type-b clones (N 12): one
cell expresses Pros and the other Elav (Figs. 4E–H). This is
reminiscent of the PIIb lineage of the notal mechanosensory
bristles where the sheath cell and neuron are siblings
(Reddy and Rodrigues, 1999a). (iii) Type-c clones (N 
63): both cells express Elav, suggesting that, in multinner-
vated sense-organs, two neurons are siblings (Figs. 4I–K).
In addition, we observed a small number (N 2) of atypical
clones where one cell expressed Elav and the other ex-
pressed neither Pros nor Elav (not shown). We speculate
that the latter cell could subsequently be lost by pro-
grammed cell death. Neuronal cell number within sense-
organs is regulated by apoptosis, which occurs in the pupal
antenna between 24 and 30 h APF (Reddy et al., 1997).
These results, together with the distribution of markers in
the secondary progenitors and their progeny, allow us to
propose the model shown in Fig. 4L. In the previous section,
we showed that sheath and neuron are siblings derived from
PIIb/PIIIb. “Type-b” clones represent this lineage. We sug-
gest that Pros from PIIb/PIIIb is asymmetrically segregated
to the sheath, while Elav and Svp-lacZ are equally segre-
gated with expression being maintained in the neuron. Since
all neurons derive from Pros-expressing progenitors (see
previous section), “type-c” clones are likely to reflect PIIc
division. “Type-a” clones must therefore arise from PIIa;
this progenitor does not express Pros and, expression in the
socket cell reflects de novo synthesis. The origin of the glial
cells from PIIb of coleoconic lineages could not be tested by
clonal analysis since these cells migrate away shortly after
division of PIIb making assignment of their siblings difficult
(Jhaveri et al., 2000b).
N signaling plays a key role in the determination of
progenitor cell fate
Results from lineage experiments demonstrate that fates
of cells within a sense organ are determined by the second-
ary progenitor from which they arise. What are the mech-
anisms that regulate secondary progenitor identity? Previ-
ous analysis in the mechanosensory lineage showed that
binary choice between PIIa and PIIb was mediated by N
signaling. One of the effects of N activity is the downregu-
lation of pros in PIIa (Jan and Jan, 1995; Reddy and Ro-
drigues, 1999a).
We tested the possible role of N in determination of
secondary progenitors of the antennal sense organs using a
temperature sensitive loss-of-function allele. Nts-1 animals
pulsed at 32°C from 10 to 16 h APF showed a significant
reduction in the number of external sensory structures on
the antennal surface (compare Fig. 5D with A; Table 1). The
presence of glial cells and neurons was visualized by stain-
ing 36-h APF antennae with anti-Repo and mAb22C10,
respectively. The number of glial cells was increased over
that in control animals (P  0.001; Fig. 5E; Table 1).
Sensory neurons leave the antenna in three well-defined
fascicles which are visualized by staining with mAb22C10
(fascicles 1 and 3 are shown in Fig. 5C; Jhaveri et al.,
2000b). The diameter of the fascicles was somewhat in-
creased in Nts-1 animals, suggesting an increase in neurons
(compare fascicle 3 in Fig. 5F with C). An increase in
internal cells (glia and neurons) concomitant with a reduc-
tion in external cells (shafts and sockets) can be explained
by a switch of PIIa to PIIb/PIIc lineages.
In sibling cells, a bias in N signaling occurs because of
an asymmetric distribution of the membrane-associated pro-
tein Numb (Nb), which binds the intracellular region of N
Fig. 5. Role of N signaling in the choice of secondary progenitor fate. (A–C) Wildtype controls, (D–F), Nts1, (G–I) sca-Gal4P309/UAS-Nb, (J, K)
sca-Gal4P309/UAS-DN-N. (A, D, G, J) Cuticular mounts of the third segment of adult antenna. Ar, Arista. Values indicate the mean and standard deviation
of the numbers of external cuticular structures counted from at least five antenna. (Scale bar, 30 m.) Thirty-six-hour APF antenna stained with anti-Repo
to visualize glia (B, E, H, K) and mAb22C10 (C, F, I, L) for neurons. The plane of focus shows two of the three fascicles denoted 1 and 3. Numbers of glial
cells are derived from five to seven preparations in each case. (M–O) sca-Gal4P309/UAS-N-intra showing sense-organs with two sockets (M; sockets labeled
1 and 2), two shafts arising from a single socket (N; shafts denoted 1 and 2), and four sockets (O; labeled 1–4). (Scale bar, 1 m.)
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antagonizing its function (Frise et al., 1996). N signaling
can also be compromised by ectopic expression of a dom-
inant negative (DN-N) construct of the N receptor which
interferes with ligand-dependent signaling. We used the
sca-Gal4P309 insertion strain to drive UAS-mediated Nb or
DN-N activity in secondary progenitors (Brand and Perri-
mon, 1993). Expression of sca-Gal4P309-driven GFP is vi-
sualized in the proneural domains, the primary and second-
ary progenitors, but is not detected in the majority of
sensory clusters after division (our unpublished observa-
tions). Animals of sca-Gal4P309/UAS-Nb show a strong
reduction in external structures on the adult antenna (Fig.
5G) concomitant with an increase in glial cell numbers (Fig.
5H; Table 1). The defect was also observed although sig-
nificantly weaker in sca-Gal4P309/UAS-DN-N (P  0.05;
Fig. 5J; Table 1). In both genotypes, there appears to be an
increase in neuronal number as the fascicles appeared
thicker than in the controls (Fig. 5I and L). We propose that
these phenotypes are caused by a transformation of PIIa to
PIIb; in the coeloconic lineages, this would result in an
increase of glial cells.
To test this hypothesis, we used pros-Gal4 to drive ex-
pression of DN-N in PIIb/PIIIb and PIIc but not PIIa. We
counted the numbers of external cells (sensillar shafts) from
all three sense-organ types and found them comparable to
normal controls (Table 1). This is consistent with our find-
ings that tormogen and trichogen cells arise from the PIIa,
which is not being manipulated in this genotype. There was
also no change in glial cell number, even though N activity
is being lowered in the PIIb progenitors (Table 1). While it
is possible that ectopically expressed DN-N is not sufficient
to compromise N signaling, we favor an explanation that N
is not required in PIIb/PIIIb. This would imply a to PIIa-
to-PIIb switch, which in the coeloconic lineages, results in
excess of glial cells (in addition to neurons).
If indeed N signaling plays a role in the binary choice
between secondary progenitor types, then gain of N activity
would be expected to increase the external cells (socket and
shaft) that arise from the PIIa lineage. The truncated cyto-
plasmic domain of the N receptor (N-intra) is constitutively
active, and its misexpression creates a dominant gain-of-
function condition. Expression of Nintra early during sense-
organ development interfered with olfactory progenitor
choice and subsequent recruitment of secondary progenitors
(data not shown). We could avoid these effects of N by
exploiting the thermosensitive nature of the Gal4/UAS sys-
tem sca-Gal4P309; UAS-Nintra animals were reared at 16°C
until 10 h APF and then shifted to 28°C to activate N
specifically in secondary progenitors. Adult antenna showed
a variety of defects affecting the external structures of the
sensory units (Fig. 5M–O). There were cases of multiple
sockets (Fig. 5M) and sensilla with two shafts arising from
a socket (Fig. 5N). While, in principle, such phenotypes
could be explained by a role of N in binary choice between
shaft and socket cells, the appearance of sensilla with four
sockets (Fig. 5O) or two shafts with a single socket can only
be explained by invoking conversion of PIIb/PIIc to PIIa.
Pros and Svp are not sufficient for PIIb fate, but their
misexpression interferes with PIIa identity
The PIIa lineage differs from PIIb by the absence of both
Pros and Svp. Misexpression of Pros (Fig. 6A and B) or Svp
(Fig. 6C and D) using sca-Gal4P309 resulted in a striking
reduction in external cuticular structures on the antennal
surface (compare with Fig. 6I). This is consistent with a lack
of PIIa identity. In order to test whether ectopic expression
of Pros or Svp could convert PIIa to PIIb/c, we stained 36-h
APF antennae with anti-Repo and mAb22C10. The num-
bers of glia (compare Figs. 6F with E) or neurons (compare
Fig. 6H with G) were not altered. Coexpression of both Pros
and Svp was achieved by heat-pulsing P(hs-Pros)/P(hs-Svp)
pupae at 32°C for 6 h starting at 10 h APF. This did not
result in an alteration in numbers of glia or neurons, al-
though the antennae showed a reduction in the numbers of
external cuticular structures (not shown).
These data suggest that, while ectopic expression of
either Pros or Svp interfere with PIIa fate, this is insufficient
to convert cells to a PIIb identity. This means that N deter-
mines secondary progenitors through mechanisms other
than/in addition to regulating the expression of Pros and
Svp.
Table 1
Disruption of N signaling affects external cell types and glial cells in the antenna
Genotype Total sensilla Basiconic sensilla Trichoid sensilla Coeloconic sensilla Glial cell number
Canton-S 397  8.2 183  4.5 139  6.4 70  4.0 102  6.2
sca-Gal4P309; UAS DN-N 139  40.0 76.2  15.0 54.6 12.3 29 6.7 114  4.1 (P  0.05)*
Nts-1 128  7.8 59.8  21.1 50.6 17.2 12.6 8.8 128  7.8 (P  0.001)***
sca-Gal4P309; UAS-Nb 0 0 0 0 168  6.8 (P  0.001)***
pros-Gal4; UAS-DN-N 372.6 17.1 172  11.6 134 11.4 66.6 4.8 97.4  2.1
Note. Differentiation of the external cell types was estimated by counting sensillar shafts of each of the three sense-organ subtypes. Means and standard
deviations are presented from five different antennae. The glial cells were visualized by staining pupal antennae approximately 36 h APF using antibodies
against Repo. The means and standard deviations were obtained after examining 1 m confocal stacks from five preparations. P values were calculated to
test significance between different genotypes and CS samples. sca-Gal4, UAS-Nb, UAS-DN-N, and pros-Gal4 strains were comparable to the CS strain.
* , indicates the level of significance.
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Loss of pros function affects sensillar development
Pros is expressed in PIIb and PIIc and subsequently in
the sheath and socket cells. We tested the role of pros in
these cells by generating clones of the null allele pros17
using the FLP/FRT system (Xu and Rubin, 1993). We
ascertained, in control clonal experiments, that the pwn
mutation, which was used to mark pros clones, did not
interfere with sensillar development (not shown). Several
different morphological phenotypes were observed within
the clones; magnified regions of the wildtype antenna are
shown in Fig. 6I for comparison. The most abundant were
Fig. 6. The role of Pros and Svp on fate specification within olfactory sense-organs. (A) Antenna from sca-Gal4P309/UAS-pros animals. Ar, arista (scale bar,
30 m). Magnified image in (B) (scale bar, 5 m) shows the presence of epidermal hairs only. (C) Svp was misexpressed in all secondary progenitors in
the sca-Gal4P309/UAS-svp-1 strain (scale bar, 30 m). Ar, arista. (D) Region of the antennal surface is magnified (scale bar, 5 m) to show absence of external
structures. Antennae of the background strains sca-gal4P309, UAS-pros and UAS-svp-1 were comparable to that of the CS strain (I). (E–H) Thirty-six-hour
APF antenna stained with anti-Repo (E, F) and mAb22C10 (G, H). 1 and 3, indicate fascicles exiting the antenna. (E, G) control genotype, sca-gal4P309. (F, H)
sca-Gal4P309/UAS-svp (scale bar, 30 m). (I) Magnified regions of the wildtype antenna showing sensilla trichoidea (arrows), sensilla basiconica
(arrowheads), and sensilla coeloconica (small arrowheads). (Scale bar, 5 m.) (J, K) Phenotype of sensilla within pros clones. Loss of Pros function results
in diverse phenotypes; duplicate shafts arising from a single socket (arrowheads in J) (scale bar, 2 m), double sockets (inset in J; small arrows), or three
shafts arising from a single socket (K). (Scale bar, 0.2 m.)
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sensillae with duplicated shafts (arrowheads in Fig. 6J) or
sockets (inset in Fig. 6J). There were a few examples of
three shafts arising from a single socket (Fig. 6K). The low
clonal frequency coupled with variable phenotypes in
clones made it difficult for us to examine the fate of the
progenitors themselves.
One possible explanation for these phenotypes is a par-
tial conversion of PIIb/PIIc to a PIIa lineage, resulting in an
increase of external cells at the expense of internal cells. A
complete switch of PIIb and PIIc to PIIa would result in
sensillae with three shafts and three sockets; this was not
seen, suggesting that fate conversion is partial. These results
suggest that Pros expression is necessary to bias cells to-
ward a PIIb/PIIc fate; in pros secondary progenitors, the
fate shifts toward PIIa.
Discussion
The data presented in this paper support our model for
sense-organ development depicted in Fig. 4L. Olfactory
progenitor cells of different sensillar types are selected from
the antennal disc epidermis through the action of proneural
genes, Ato and Amos. Shortly after formation, these cells
become associated with a group of cells which form a
cluster of secondary progenitors. Clonal analysis, bromode-
oxyuridine uptake, and staining with DNA dyes have
proved that this group of progenitors does not arise by
division of the primary progenitor (Ray and Rodrigues,
1995; Reddy et al., 1997). The molecular details underlying
the formation of secondary-progenitor clusters are as yet
unclear, although we know that N signaling (G.V.R., un-
published observations) and receptor-mediated endocytosis
are likely to be involved (Reddy et al., 1997).
The combinatorial expression of Pros, Elav, and Svp
have allowed the identification of three distinct identities of
secondary progenitors. Loss-of-function and gain-of-func-
tion analysis suggests that N activity is instructive in setting
up the differences between these cell types. Each progeni-
tor-type contributes a distinct lineage of cells within a sen-
sory cluster. The PIIa progenitor distinguished by the ex-
clusion of Pros, Elav, and Svp gives rise to the shaft and
socket cell. The lineage of the PIIb cell depends on context.
In the majority of sense-organs, it produces a neuron and a
sheath cell, while in the coeloconic sense-organs, it under-
goes an additional division to produce glia. PIIc divides to
produce purely neuronal progeny. The number of PIIc pro-
genitors within a secondary progenitor cluster, as well as
controlled apoptosis, serves to regulate neuronal number
within sense-organs (Reddy et al., 1997).
What triggers a subset of PIIb progenitors to become
gliogenic?
Loss-of-function and gain-of-function analyses reported
earlier have demonstrated that only those olfactory sense-
organs specified by Ato take on a gliogenic fate (Jhaveri et
al., 2000a). Studies in the Drosophila wingblade and notum
have identified sense-organs specified by proneural genes of
the achaete-scute complex that also produce glia (Gian-
grande, 1995; Guo et al., 1999; Reddy and Rodrigues,
1999b). It is conceivable that only those PIIb cells that have
“experienced” Ato expression are capable of adopting a
glial lineage. On the other hand, it is equally possible that
sense-organs specified by Amos in some way suppress glial
cell formation.
A critical determinant of glial cell identity is the tran-
scription factor Glial Cells Missing (GCM) (Hosoya et al.,
1995; Jones et al., 1995; Van De Bor et al., 2000; Van De
Bor and Giangrande, 2001). GCM mRNA is detected in
antennal glia; Pros is transient in nascent glia, where it could
play a role in maintaining GCM expression (Akiyama-Oda
et al., 1999; Freeman and Doe, 2001; Ragone et al., 2001)
(Dhanisha Jhaveri and Angela Giangrande, personal com-
munication). The link between genetic cascades that specify
sense-organ identity and glial determination needs to be
investigated.
N influences the binary choice between internal and
external cell progenitors
We have shown that N signaling plays a key role in the
choice between external (PIIa) and internal (PIIb and PIIc)
progenitor fates. N signaling activates the zinc-finger tran-
scription factor Tramtrack (Ttk), which acts to suppress
activation of pan-neural genes, including Pros (Guo et al.,
1995; Jan and Jan, 1998). Ttk levels, in turn, are regulated
by being targeted for ubiquitin-mediated proteolysis, by a
complex containing the ring-finger proteins Phyllopod
(Phyl) and Sina (Li et al., 1997). Consistent with this genetic
model, misexpression of Ttk increases external cell types in
each sense-organ, while Phyl causes a bald-antenna pheno-
type similar to Pros overexpression (Ludwin Pinto, personal
communication). Ectopic expression of Pros does not trans-
form PIIa into PIIb/c, suggesting that other molecular play-
ers are required for PIIb identity. This is distinct from the
mechanosensory sense organs, where Pros misexpression is
sufficient to transform PIIa to PIIb (Reddy and Rodrigues,
1999a). It is possible that PIIa fate in the antennal sense-
organs cannot be changed in the presence of normal N
signaling.
The mechanism that determines the choice between PIIb
and PIIc are still not understood. There are several cellular
differences between these cell types. The PIIb lineage asym-
metrically distributes Pros to one of its progeny, the sheath
cell; the PIIc progeny do not express Pros. Svp is expressed
specifically in the PIIb lineage; however, its misexpression
is not sufficient for this identity. The role of the Svp steroid
receptor family member has been well studied during eye
development, where it functions together with the activated
Ras pathway, to specify photoreceptor R3/4 and R1/6 fate
(Begeman et al., 1995). Interestingly, Svp expression is
90 A. Sen et al. / Developmental Biology 254 (2003) 79–92
maintained in the neuron derived from the PIIb lineage after
differentiation. It is noteworthy that the related protein
Odr-7 has been postulated to define neuron identity by
regulating expression of the diacetyl receptor gene odr-10
(Sengupta et al., 1994, 1996).
Does the combinatorial code affect cellular identities in
postmitotic sensory cells?
The sensillum is a consequence of regulated expression
of genes involved in its terminal differentiation. Our data
allow classification of olfactory neurons into those derived
from PIIb, which continue to express Svp and those arising
from PIIc. In addition, the neurons have origins either from
Ato- or Amos-dependent primary progenitors. Does the
developmental history of a cell provide “information” that
affects its terminal fate? In the olfactory system, each neu-
ron must “choose” 1 out of 60 odorant receptor genes to
express after differentiation. We propose that “early-acting”
genes either directly or indirectly modify the “competence”
of cells thus favoring certain transcriptional networks over
others.
Recent studies in Drosophila eye development have
demonstrated that certain enhancers are influenced by com-
binations of genes that have been activated in a given cell
(Flores et al., 2000; Ghazi and VijayRaghavan, 2000; Xu et
al., 2000). Hence, the genetic cascades that have operated in
a cell during its development, as well as the temporal order
of gene expression, are key factors in how cell fate decisions
are made (Ishiki et al., 2001). Our description of sense-
organ development provides the groundwork for the study
of how effects of gene expression during development may
be integrated to act in the specification of fates of differen-
tiated cells.
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